The effects of deformation history on the texture evolution in an aluminum alloy during two different shear deforming processes, i.e., equal channel angular pressing (ECAP) and dissimilar channel angular pressing (DCAP) were comparatively investigated. Simulation based on the Taylor model showed that the texture evolution during DCAP was very similar to that of ECAP up to the region, a so-called 'zero dilatation line'. Beyond this line, the texture continued to evolve by rotating about the transverse direction (TD) by 10-15 during ECAP, whereas the texture hardly evolved during DCAP. These analytical observations were verified experimentally.
Introduction
Equal channel angular pressing (ECAP) [1] [2] [3] [4] [5] [6] has been used as a process route not only for producing bulk materials with ultrafine grains, but also for controlling the crystallographic orientations of materials. Recently, a new ECAP-based process, termed dissimilar channel angular pressing (DCAP), was developed and found to be effective for controlling textures. [7] [8] [9] [10] [11] Since the texture evolution is very sensitive to the deformation history imposed to the material, the deformation histories resulted by ECAP and DCAP and their influence on the texture evolution are of special interest. Although the deformation behavior of ECAP has long been thought to be simple shear, 1, 12) a couple of recent studies 10, 13) have shown that the deformation behavior during DCAP as well as ECAP is not the ideal (or perfect) simple shear deformation, but the complex mode of deformation consisting of compression, tension, and shear. Authors 10) have demonstrated the effects of the deformation history on the texture evolution during ECAP and DCAP using the general die configurations having the oblique angle (È) of 90 and 120 , respectively. However, a more detailed analysis on the deformation behaviors during the two shear deforming processes within the deformation zone of the workpiece under the same die configuration is needed to elucidate how the texture evolves when the workpiece passes the shear deformations.
In the present study, the effects of the deformation history on the texture evolution in an aluminum alloy during ECAP and DCAP were investigated and their results were compared. Finite element analyses were performed within the deformation zone to analyze the effect of the deformation histories during the two shear deforming processes on the texture evolution. Texture simulations using the Taylor model were carried out to study the detailed texture evolutions during the two shear deforming processes, and the analytical results were verified with the experimental results.
Experimental Procedures
To simulate the deformation behaviors of workpieces during ECAP and DCAP, the commercial finite element analysis software ABAQUS was used. A two-dimensional problem was considered, since the processes satisfy the plane-strain condition. The material was regarded as elastoperfectly plastic with a von Mises yield strength of 100 MPa. The die having the oblique angle (È) of 120 and the curvature angle (É) of 0 was assumed to be rigid and frictionless. Other conditions used to calculate the deformation process were identical to those used in the earlier study. 14) As already reported by the authors, 15) the calculated results were accurate enough to represent the experimental results.
The full constraint Taylor analyses based on the rate sensitivity model 16) were carried out to investigate the detailed texture evolution sequences during ECAP and DCAP. The strain rate sensitivity of 0.05 was adopted since it is typical for aluminum at room temperature. 17) The shear strains imparted to the specimens were $1. 15) Other details, such as equations, solving procedures, etc., can be found elsewhere. 16, 17) The deformation gradient, 18) which was obtained from the actual deformation behavior, was converted to the velocity gradient, 18) which later was used as the input data for the texture analysis. The velocity gradient obtained from the deformation gradient contains two terms, which were contributed by the plastic rotation due to dislocation slip (i.e., the symmetric part of the velocity gradient) and the rigid body rotation during the shear deformation (i.e., the skewed part of the velocity gradient). As such, texture evolution based on the deformation history incorporates the plastic rotation and the rigid body rotation during the shear deformation. The texture evolution sequence corresponding to this actual deformation history was analyzed according to the Taylor model.
To trace how the individual grains are rotating under the actual deformations of ECAP and DCAP, 1000 crystallographic orientations corresponding to the experimental results obtained from the annealed 1050 Al alloy were generated before the analyses and utilized as an initial texture prior to ECAP and DCAP. To verify the analytical results, the texture evolutions due to DCAP were measured directly using both the X-ray diffratometry and the electron back scattered diffraction (EBSD).
Results and Discussion

Streamline coordinates
To investigate how the workpiece undergoes deformation during ECAP and DCAP, one arbitrary tracer element in the FEM model as in Fig. 1 was selected from the middle of the specimen thickness. The coordinates were given to the four nodal points of the selected element before the calculation and traced during the whole deformation processes.
The plane of intersection of the inlet and the outlet channel in ECAP is termed the shear plane. Many researchers 19, 20) assumed that, during ECAP, simple shear takes place along a direction parallel to this shear plane and has been used both to calculate and to interpret textures measured from extruded billets. In reality, however, the deformation during ECAP or DCAP takes pace within a so-called deformation zone 21, 22) rather than the shear plane. That is, during ECAP or DCAP, materials are progressively sheared as they pass through the deformation zone. Therefore, the shear direction is not simply parallel to the shear plane of intersection of the die channels. 13) As such, texture analyses, that are based on the reference axis constructed on the die's shear plane, are not considered to be appropriate.
In order to facilitate tracing the shape changes of the tracer element and avoid ambiguity in defining the reference axis for texture analyses, streamline coordinates (s; n) were employed, in which the two coordinates, i.e., 's' and 'n', were defined as the directions tangential and normal to the streamline, respectively. In this study, the coordinates of the nodal points assigned in the Cartesian coordinate (x; y) were first transformed to those in the streamline coordinates as shown in Fig. 1 . That is, before calculating the deformation gradient in the streamline coordinate, we incorporated the angle between the reference lines of the tracers on the streamline side corresponding to n-step and (n þ 1)-step calculations, followed by calculations of the deformation gradient, the velocity gradient, and the corresponding texture on the transformed streamline coordinate. Figure 2 is a series of deformation patterns of the tracer element, showing how the shape of the square element is evolving with the calculation time steps during ECAP and DCAP. To quantify the actual deformation behavior visualized in Fig. 2 , four different deformation gradient components, i.e., F ss , F nn , F sn , and F ns where the subscript 'ij' denotes the direction component as defined in Fig. 2 and eq. (1), were adopted.
Deformation characteristics of ECAP and DCAP
where X and x are the coordinates of the nodal points of the element before and after deformation, respectively. The deformation gradient matrices corresponding to every finite element steps were extracted from the ABAQUS results. The four deformation gradient components expressed by the coordinates of the nodal points in the Cartesian coordinate (x; y) were transformed to the streamline coordinates (s; n). Figures 3 and 4 are the variations in the transformed deformation gradient components calculated as a function of the time steps during ECAP and DCAP, respectively, and the {111} pole figures corresponding to each calculation step are superimposed.
The physical meaning of the each deformation gradient component can be explained in terms of elongation and rotation of fibers 23) consisting the initial square grid. Changes in the value of F ss , averaged s-direction component of elongation of fibers initially directed to the s-direction, reflect the compression and tension of the grid along the s-direction during the deformation process, while changes in F sn reflect averaged degree of rotation of fibers initially directed to the n-direction. Therefore, it is anticipated from the Figs. 3 and 4 that the texture evolutions process largely in the early stages (up to step 12 in Figs. 3 and 4) of the deformation, while, show different features in the two processes (ECAP and DCAP) beyond this stage, which will be treated in detail in section 3.3.
As in Figs. 2(a) and 3, during the whole deformation process, i.e., from step 3 to step 18, a complex mode of deformation takes place in a continuous manner; from step 3 in Figs. 2(a) and 3 , the element starts to experience both shear and compression along the tangential direction so that the height of the grid becomes elongated along the normal direction. Beyond step 12, changes in the deformation mode have occurred such that tension along the tangential direction takes place, resulting in the recovery of the grid height to the original value.
In the case of DCAP, the deformation behavior in the early stage (up to step 12 in Figs. 2(b) and 4) of the deformation is nearly identical to that exhibited by ECAP; that is, likewise in ECAP, both shear and compression are subjected to the workpiece along the tangential direction. However, beyond this stage, the grid height does not return to the original value due to the difference in thickness of inlet and outlet channel of the DCAP die, 7) and, therefore, the final height of the deformed grid is slightly higher than the initial one as seen in Figs. 2(b) and 4 .
To analyze the deformation behavior in correlation with the deformation rate and to simulate the texture evolution sequence corresponding to the actual deformation history, the velocity gradients (L) as defined in eq. (2) 18) were calculated from the relationship with the deformation gradient given by eq. (3).
where v is the velocity vector. 18) The symmetric part of the velocity gradient L (or D) is known as the deformation rate tensor or strain rate tensor. 18) This tensor describes the deformation rate at any material point and given by eq. (4). Therefore, once the deformation gradients as shown in Figs. 3 and 4 were determined, the velocity gradient (L) and the deformation rate (D) can be calculated using eqs. (3) and (4), respectively.
Shown in Fig. 5 are the variations of four deformation rate components (D ss , D sn , D ns , and D nn ) during ECAP and DCAP. It is noted from Fig. 5 that, from both processes, there exists a region (or instance) in the deformation zone where two dilatation components (D ss and D nn ) of the deformation rate intersect each other at the zero deformation rate. This indicates that, at this region, the shear components (D sn or D ns ) are the maximum. In this study, therefore, it is termed the zero dilatation point or maximum shear point.
According to our observations of the zero dilatation points obtained from several different thickness of the workpiece, the zero dilatation line is thought to coincide with the line of intersection connecting the inlet and the outlet channel of the die. Shown in Fig. 6 is the schematic constructed based on the earlier findings, showing the deformation behavior within the deformation zone characterized in terms of the deforma- to zero. Therefore, it is considered that the zero dilatation line plays an important role in distinguishing the deformation behavior within the deformation zone during the shear deforming processes, since it is considered as the boundary where a significant change in the deformation characteristics takes place.
From the results obtained from the analyses based on the variations of the deformation gradient and the deformation rate as shown in Figs. 3-5 , it is clear that the deformation behavior of DCAP is very similar to that of ECAP except for the final stage of the deformation, i.e., beyond the zero dilatation line (> step 12 in this specific case); general deformation feature exhibited by ECAP and DCAP is characterized by the dominant shear deformation with minor tension and compression. However, unlike DCAP, the height of the deformed grid in ECAP continued to reduce even after the workpiece passes the zero dilatation line until the grid thickness returns to the initial one. Therefore, it is of interest to examine the effects of the different deformation characteristics of ECAP and DCAP on texture evolution.
Effects of deformation history on texture evolution
As discussed in section 3.2, the deformation behaviors in ECAP and DCAP show different deformation features once the workpiece passes through the zero dilatation line. Therefore, the effects of the different deformation behaviors on texture evolution were investigated in connection with the zero dilatation line. Figures 3 and 4 show a series of the {111} pole figures calculated based on the actual deformation history, showing how the textures evolve with time steps during ECAP and DCAP, respectively. To be consistent with rolling, the direction tangential to the streamline is referred as RD, while the binormal direction, i.e., the direction normal to both the tangential and the normal direction is defined as TD.
As can be seen in Fig. 3 , the {111} pole figure calculated based on the actual deformation history caused by ECAP continued to rotate largely (10) (11) (12) (13) (14) (15) ) about the transverse direction (TD) during all period of the deformation process. Considering that the grid height returns to the original value upon exiting the deformation zone, the observed continuous orientation rotation with respect to TD is due to the compression along the thickness direction, which agrees well with the experimental and analyzed results presented by Suh et al. 10) On the other hand, when compared the sequential {111} pole figures during ECAP (Fig. 3) with those obtained from DCAP (Fig. 4) , considerable difference in the texture evolutions due to ECAP and DCAP was found; as already pointed out, the texture evolution in the early stage of deformation up to the zero dilatation time step ($step 12) during DCAP is very similar to that shown by ECAP. However, after the zero dilatation time step in DCAP, textures did not evolve further and were observed to be nearly identical to those calculated based on the simple shear deformation and obtained experimentally from the Al alloys subjected to DCAP. 10) Results similar to the texture evolutions in the heat treated specimen as shown in Figs. 3 and 4 could also be obtained in the cold rolled specimen as in Fig. 7 .
To verify the results of the texture simulation due to DCAP shown in Figs. 4 and 7, the sample was fed into the DCAP machine at $10 m/min. Once the sample reached the deformation zone, the operation of the forming machine was discontinued. The sample was then removed from the machine to examine the side surface of the specimen using an electron backscattered diffraction (EBSD). Figure 8 shows a series of the {111} pole figures measured from the cold rolled specimen, showing how the textures are evolving during DCAP. It is noted in this figure that the initial texture as shown in Fig. 8(a) is identical to that of the cold rolled specimen shown in Fig. 7(a) . When the specimen passed through the deformation zone, the texture evolved in a manner similar to those shown in Figs. 4 and 7 ; That is, the texture evolved progressively up to the zero dilatation line followed by insignificant changes after the zero dilatation line. Therefore, the texture evolution sequence calculated based on the actual deformation history during DCAP is considered to agree well with the result of EBSD analysis. From the above results, it is concluded that the texture evolution during DCAP is very similar to that observed from ECAP up to the zero dilatation time. However, unlike the texture evolution during ECAP, the texture evolution beyond the zero dilatation time was so small that it is not visible on the scale of the pole figure as presented.
Conclusions
The effects of the deformation history on the texture evolution during ECAP and DCAP were investigated using the simulation and experiments. The obtained results were summarized as follows.
(1) The zero dilatation line coincides with the line of intersection connecting the inlet and the outlet channel of the die, and plays an important role in distinguishing the deformation behavior within the deformation zone during ECAP and DCAP, since it is considered as the boundary where a significant change in the deformation characteristics takes place. (2) The deformation behavior of DCAP is very similar to that of ECAP except for the final stage of the deformation, i.e., beyond the zero dilatation line. The general deformation feature exhibited by ECAP and DCAP is characterized by the dominant shear deformation with minor tension and compression. However, the height of the deformed grid in ECAP continued to decrease after the zero dilatation line until the grid thickness returns to the initial one. (3) The texture evolution during DCAP is very similar to that observed from ECAP up to the zero dilatation time. However, unlike the texture evolution during ECAP, the texture evolution beyond the zero dilatation time was very insignificant. 
